Hydrozincite (Zn 5 (OH) 6 (CO 3 ) 2 ) is, among others, a popular precursor used to synthesize nanoscale ZnO with complex morphologies. For many existing and potential applications utilizing nanostructures, performance is determined by the surface and subsurface properties. Current understanding of the relationship between the morphology and the defect properties of nanocrystalline ZnO and hydrozincite systems is still incomplete. Specifically, for the latter nanomaterial the structure-property correlations are largely unreported in the literature despite the extensive use of hydrozincite in the synthesis applications. In our work, we addressed this issue by studying precipitated nanostructures of Zn 5 (OH) 6 (CO 3 ) 2 with varying quasi-fractal dimensionalities containing relatively small amounts of a ZnO phase. Crystal morphology of the samples was accurately controlled by the growth time. We observed a strong correlation between the morphology of the samples and their optoelectronic properties. Our results indicate that a substantial increase of the free surface in the nanocrystal samples generates higher relative concentration of defects, consistent with the model of defect-rich surface and subsurface layers.
Introduction
Zinc oxide is a material with a unique combination of valuable traits: it demonstrates remarkable optical and electrical properties as well as outstanding chemical and environmental stability. ZnO has found extensive use in electronics, sensors, photocatalysis, acoustoelectrical devices, and solar cells. It also shows great potential for spintronic and highperformance optoelectronic applications. Studies of physical and chemical properties of ZnO represent a thriving field with a broad domain of topics [1] . ZnO nanostructures have developed into a significant, diverse, and continuously growing field [2] . Remarkably, nanoscale ZnO structures are offering numerous applications that do not require resolving the challenge of p-type conductivity. Nanosize ZnO could be employed in such systems as dye-sensitized and hybrid solar cells [3] [4] [5] [6] , nanotransducers [7] , random lasers [8] , and sensors [9] . This diversity of the range of applications reveals a great potential of nanocrystalline ZnO.
The scope of the reported methods to fabricate ZnO nanostructures is truly remarkable and grows by the day. One of these many methods is a procedure based on converting precursor hydrozincite (Zn 5 (OH) 6 (CO 3 ) 2 ) nanostructures into ZnO nanocrystals [10] [11] [12] [13] [14] [15] [16] [17] . In particular, this technique was shown to be effective for producing nanoporous nanoscale ZnO useful in potential solar cells [3] , as well as photocatalytic and gas sensing applications [15, 16, 18, 19] . By itself, hydrozincite, a naturally occurring basic zinc carbonate, has been researched, mostly in geology-related studies, as well as a catalyst component [20, 21] . Nanoscale 2 Journal of Nanomaterials forms of hydrozincite have been known and studied not only as precursors for generating a nanoscale ZnO, but also as, for example, a product of naturally occurring biologically controlled mineralization [22] . Although optical properties of hydrozincite have been investigated by many researchers, the nature of its visible luminescence is still under debate. For example, the characteristic blue luminescence is often attributed to impurities (such as Pb), although this assignment is not certain [23] . Most importantly, the optoelectronic properties of the nanoscale hydrozincite are largely unknown despite the extensive use of this nanomaterial in the synthesis applications. On the other hand, in the literature the studies of the structure-property correlation for nanoscale ZnO synthesized from Zn 5 (OH) 6 (CO 3 ) 2 were reported (e.g., [24] [25] [26] ), addressing, in particular, the effects of thermal processing on the properties of resulting nanostructures. Thus, in our view, it is important to know whether the structure-property relationships for the final product are determined by similar relationships for the precursor.
Generally, one of the most important features of a nanostructure affecting its properties is the high surface-to-volume ratio. Because of that, in nanostructures one deals with surface enhanced phenomena, whereas the surface states are likely to influence key performance parameters. It is understood that, in the process of termination and reconstruction, the surface can develop elevated concentration of defects, which may not be necessarily confined within the immediate vicinity of the surface but could also permeate inward driven by diffusion, stress, cation/anion imbalance, and so forth. It is quite natural to assume that such defective layer, with distinct stoichiometric, optoelectronic, and structural characteristics, is a generic feature weakly affected by the growth conditions. In this case the volume ratio of the defective layer versus relatively defect-free core becomes very significant and thus contribution of the surface and near-surface states should in principle increase because of that.
Recently published reports (e.g., [27] [28] [29] [30] [31] [32] [33] [34] ) addressed the relationship between the size of the ZnO nanostructures and their visible defect emission. There is certain evidence of the visible luminescence scaling with the crystal size, although the nature of defects responsible for this is not identified. In our earlier works we studied hexagonal ZnO nanorods synthesized via a low-budget multiparameter-controlled growth, employing low temperature wet precipitation [34, 35] . This protocol was designed for a size-and shape-selective growth of ZnO nanorods. Such selectivity was crucial for addressing the question of how the nanogeometry is affecting the surface defect properties. Crystal size and morphology of ZnO nanorods were controlled by the growth time and the solvent composition: both the longitudinal and transverse average dimensions of the obtained hexagonal nanorods as well as their morphological anisotropy were increasing with the growth time and water content in the solvent. We observed a strong correlation between nanocrystals' size/morphology and their optoelectronic defect-related properties.
In order to better elucidate the influence of the surfaceto-volume ratio on the luminescent properties in nanocrystalline systems, not only the pure size effects but also the effects of dimensionality have to be investigated. In this paper we address this question for quasi-fractal-dimensional nanonetworks of hydrozincite. Knowing such structureproperty relationship is important since it is related to the control parameters of the preparation method of complex ZnO nanomorphologies. For example, preparation of nanoscale ZnO without the hydrozincite precursor results in hexagonal particles, whereas with the help of the quasifractal hydrozincite it is relatively easy to prepare ZnO with the same quasi-fractal shapes. The growth method used in this work, similar to that presented in [15] , employs accurate morphology control of the prepared nanoscale hydrozincite, as a promising precursor for photovoltaic and photocatalytic applications. Here we tackle the questions of the correlation between the optoelectronic properties of the obtained nanosystem and the quasi-fractal dimensionality of the studied specimens. To the best of our knowledge there were no published reports on the luminescent properties of nanoscale quasi-fractal-dimensional hydrozincite.
Materials and Methods
A set of samples with variable dimensionalities was made as follows. The specimens were prepared from Zn(NO 3 ) 2 ⋅6H 2 O (Aldrich) and urea (Aldrich) in Milli-Q water, with the initial concentrations of Zn 2+ ions and urea of 0.01 M and 0.05 M, respectively. Fresh stock solutions were prepared to avoid hydrolysis upon storage. All reagents were of an analytical reagent grade. The sample growth was carried out in 600 mL closed glass reactor bottles, placed in an oven preheated at 90 ∘ C, with the total volume of reaction mixture of 425 mL. The temperature was measured in the center of the reactor by a Pt100 sensor. The maximum temperature, 84 ∘ C, was reached after around 120 minutes and was kept constant during the synthesis. Three different growth times, 2, 4, and 48 hours, were applied. The resulting solids were filtered off, washed with water, and dried in air.
Composition of the specimens was determined using the Fourier transform infrared (FTIR) spectroscopy. The IR spectra were obtained on an FTIR spectrometer (Perkin Elmer 2000) in the spectral range between 4000 and 400 cm −1 with a spectral resolution of 4 cm −1 in the transmittance mode. The KBr pellet technique was used for sample preparation.
Samples were also characterized by a field emission scanning electron microscope (SEM) Zeiss Supra 35 VP with an EDS analyzer.
We employed photoluminescence spectroscopy (PL) as a characterization probe of the optoelectronic properties of the studied specimens. The PL signal was excited by a CW Kimmon IK5452R-E HeCd laser with a wavelength of 325 nm. A variable frequency chopper was employed to provide a reference frequency. The samples were mounted inside an evacuated Janis CCS-150 cryostat having a temperature range between 8 and 325 K. The PL signal was probed by a Spex 1401 monochromator with a spectral resolution of 0.18 cm −1 and an RCA C31034 photomultiplier tube detector connected to a Stanford Research-830 lock-in amplifier for a background noise reduction. 
Results and Discussion
The FTIR spectra of the prepared samples are presented in Figure 1 . The prevailing abundance of the carbonate groups from the precipitated Zn 5 (OH) 6 (CO 3 ) 2 in the final product is clearly confirmed by the bands in the 1600 and 600 cm
range in all samples. The bands for ZnO are expected in the range from 500 to 400 cm −1 . Since hydrozincite has its own bands in that region we could not exclude presence of the ZnO phase in the samples. The XRD spectra of similar samples were presented elsewhere [15] , and the major peaks of these XRD spectra correspond to primarily Zn 5 (OH) 6 (CO 3 ) 2 .
The SEM images of the obtained samples are shown in Figures 2-4 . As one can see, the material grown for the longest (48 hrs) time interval exhibits a distinct 2D morphology. The morphology of the sample grown during the 2-hour period is quasi 1D, consisting of a network of nanowires, whereas the dimensionality of the 4-hour sample is of intermediate (1.xD) dimensionality. One can see that with the increase of the growth time the nanowires start to expand sideways and acquire first a leaf-like and then a platelet-like morphology. Notably, the characteristic scale of the obtained nanostructures does not change significantly with the growth time. Thus, our growth procedure provides consistent sampling of the hydrozincite nanostructures to address the effects of a quasi-fractal dimensionality and shape on the defect luminescence, where the growth time serves as a control parameter.
We ran room and low temperature PL experiments on these samples (Figures 5 and 6 ). The ubiquitous hydrozincite blue emission band can be observed at ∼2.9 eV in all the spectra with approximately the same location independent of the temperature and morphology. On the other hand, in the spectra of the 2D and 1.xD samples one can also see a band at ∼2.4 eV at both room and low temperatures. For the 1D sample, the blue ∼2.9 eV luminescence band is accompanied by a broad spectral feature at ∼2.2 eV for both figures. Finally, at room temperature, in the higher-dimensional samples there is a single peak at ∼3.3 eV, and at low temperature there is a series of relatively narrow peaks in the high-energy part of the spectrum. We submit that these features are consistent with common ZnO luminescence spectra, where the 2.2 eV and 2.4 eV features are the deep defect-related bands and the UV peaks are associated with the near-band edge (NBE) transitions, such as excitonic luminescence and its phonon replicas. Moreover, one can see a significant correlation between the sample dimensionality, on the one hand, and the relative intensity of the defect versus NBE emission ratio, on the other. For the room temperature PL, the relative intensity of the ZnO deep defect emissions and the blue hydrozincite luminescence grows with the decrease of the dimensionality, and the band gap luminescence disappears for the 1D sample. Similarly, for the 8 K PL spectra, the spectral features in the visible have a visibly higher intensity for the 1D structures compared to those of the 2D sample, while the NBE emissions observed in the 2D system are reduced by an order of magnitude in the 1D material.
The observed spectral behavior can be explained in terms of a likely coexistence of two phases, those of zinc oxide and hydrozincite, in the studied samples. Evidently, the relative abundance of ZnO is below the sensitivity levels of FTIR and XRD [12] , whereas it is readily detectable by PL, because of the well-known exceptional luminescence characteristics of zinc oxide. The significant correlation between the quasifractal dimensionality of the samples and the ZnO-and Zn 5 (OH) 6 (CO 3 ) 2 -related emissions could be indicative of an elevated defect contribution in crystals with smaller dimensionalities and, therefore, in a good agreement with the assumption that the surface and near-surface defect contribution increases with the decrease of the quasi-fractal dimensionality and hence the surface-to-volume ratio (a greater volume fraction of the defect-rich near-surface layers). The two-phase structure of the specimens is further confirmed by the dependence of the spectral shape on the time of exposure to the laser beam. Figure 7 illustrates a typical example of such dependence, where the two spectra of the 2D sample shown were collected at 8 K within a 1-hour interval of a continuous laser beam irradiation. One can see a relative constancy of the ZnO-related emission, whereas the intensity of the blue hydrozincite emission band is reduced by almost 20%. It is well known that annealing of nanoscale hydrozincite leads to its transformation into ZnO [10] [11] [12] [13] [14] [15] [16] [17] so local heating produced by the laser beam may contribute to partial reduction of the relative abundance of the hydrozincite phase. Time dependence shown in Figure 7 was observed consistently for all other samples (not shown). An additional corroboration for the presence of the ZnO phase in the material is a shift in the position of the deep defect band from 2.4 eV to 2.2 eV occurring at both temperatures with the decreasing dimensionality of the nanostructures. A very similar shift (2.4 eV to 2.2 eV) of the deep defect emission was observed in PL spectra of ZnO nanopowders with the decrease of an average grain size [36, 37] . It should be noted that an unambiguous assignment of the optical transitions to specific defects in ZnO is still under debate. Moreover, recent theoretical studies for single native defects offer plausible explanation for such uncertainty in assignment, resulting from a multitude of possible transitions with similar energy differences involving different charge states of assorted native defects [38] . A similar statement can be applied to the blue hydrozincite luminescence. For example, it is unlikely that the lead impurity (cf. [23] ) is the primary source of this emission band in the studied samples since our growth procedure did not employ any Pb content. It should be noted that, in principle, different morphologies of the samples may affect scattering and/or absorption in PL experiment. However, this factor is not likely to be the main source of the spectral differences observed in our work. ZnO-related PL features similar to those reported here were observed by us in nanoscale ZnO specimens with completely different morphologies [34] . Moreover, time dependent spectra (cf. Figure 7) indicate that the observed spectral transformations result primarily from variance in composition and/or relative abundance of radiative centers.
Conclusions
PL experiments on the quasi-fractal-dimensional hydrozincite/zinc oxide nanonetworks revealed a strong correlation between the dimensionality/morphology of the nanocrystals and their defect optoelectronic properties, confirming hypothesis that the contribution of defects should increase with the increasing surface-to-volume ratio of the nanocrystal. Careful control of the quasi-fractal dimensionality of such nanonetworks and their surface properties can be vital for efficient operation of underlying photovoltaic devices. Furthermore, such elucidation of the structure-property relationship for the nanostructured precursor could be relied on for the proper choice of the processing parameters during its conversion into a final product, ZnO with a complex nanomorphology.
